Introduction
============

Gastric cancer (GC) is the fourth most common cancer and the second most frequent cause of cancer-related deaths worldwide [@B1]. In China, GC remains a significant cancer burden, with approximately 400,000 new cases and 300,000 deaths per year accounting for more than 40% of GC-related deaths worldwide [@B2]. GC is predominantly related to chronic *H. pylori* infection which affects approximately 75% of GC patients [@B3] because chronic *H. pylori* infection may induce the genetic and epigenetic changes in gastric epithelial cells and trigger the progression from chronic gastritis to GC [@B4]. It has been reported that the intestinal-type GC usually has features of corpus-dominated gastritis with gastric atrophy and intestinal metaplasia, whereas the diffuse-type GC is characterized by gastritis with loss of gastric glandular structure which is replaced by connective tissue throughout the stomach [@B5]-[@B6]. Therefore, chronic gastritis or chronic gastric inflammation plays an important role in the development and progression of GC.

Recently, an essential, critical role of fibroblast-mediated inflammation has been identified in a variety of solid tumors [@B7]-[@B10] because cancer-related inflammation is common and occurs with multiple steps throughout the carcinogenesis. Initially, inflammation-associated fibroblasts (IAFs) contribute to the induction and maintenance of chronic inflammation due to the aberrant production of cytokines, chemokines and extracellular matrix (ECM) [@B7]. Furthermore, IAF-derived cytokines/chemokines accelerate inflammation-induced tumorigenesis at the site of chronic inflammation through expanding IAFs and epithelial progenitors [@B8]-[@B9]. Moreover, when carcinomas subsequently occur, the pro-inflammatory signature is maintained in cancer-associated fibroblasts (CAFs) in an NF-κB-dependent manner [@B10]. Recently, it has been revealed that CAFs are related to the myofibroblast-like phenotype of tumor stroma. CAFs actively define the tumor microenvironment, thereby promoting the macrophage recruitment, neovascularization and tumor growth via interaction with other stromal cells and ECM [@B11]-[@B12]. Thus, both IAFs in inflammatory tissues and CAFs in cancers are closely related to the cancer development and progression, although there is little evidence regarding the association between IAFs and CAFs.

Although the mechanism(s) underling the fibroblast activation remains elusive, activated fibroblasts exhibit distinct characteristics in various microenvironments or different functional positions because they are diverse and heterogeneous cell populations in terms of origin and function [@B11]-[@B12]. Gastric CAFs (GCAFs) and gastric IAFs (GIAFs) mainly originate from the proliferation of local residing fibroblasts in GC or gastritis mucosa, and the differentiation of bone marrow-derived mesenchymal cells (MSCs), whereas GCAFs are also thought to be derived from the trans-differentiation of other mesenchymal cell types within the tumor, such as vascular smooth muscle cells, pericytes or adipocytes, and from the epithelial-mesenchymal transition or endothelial to mesenchymal transition [@B10]-[@B11],[@B15]. GCAFs could facilitate GC growth and progression by orchestrating the recruitment of inflammatory cells and releasing soluble mediators, such as keratinocyte growth factor (KGF), hepatocyte growth factor (HGF), and transforming growth factor-β1 (TGF-β1) [@B13]-[@B16]. On the other hand, in addition to mediating the chronic gastritis, GIAFs may induce gastric intestinal metaplasia and dysplasia during carcinogenesis [@B9]. However, to our knowledge, no study has been conducted to distinguish the features of GIAFs and GCAFs and evaluate their relationship, especially to determine the roles of GIAFs in GC progression.

In the present study, our results showed that GCAFs and GIAFs released different pro-tumorigenic soluble factors and exhibited distinct effects on the proliferation and invasion of GC cells *in vitro*. Caveolin-1 (Cav-1) was identified as a key regulator of the paracrine of activated fibroblasts in GC microenvironment. We propose that Cav-1 status in GIAFs and GCAFs may act as a novel molecular biomarker for GC prognosis.

Materials and Methods
=====================

Patients and Specimens
----------------------

GC and corresponding adjacent tissues were collected from 120 GC patients who underwent radical gastrectomy from September 2006 to March 2007 at the Department of General Surgery, Changhai Hospital, Shanghai, China. The median follow-up period was 68.5 months. Normal fibroblasts (NFs) were extracted from the stomach stroma of a patient with normal gastric morphology who underwent a bariatric surgery. Written informed consent was obtained from each patient prior to enrollment into this study, which was approved by the Institutional Review Board of our hospital. The baseline characteristics of GC patients are shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1. The antibodies are described in the [Supplementary Materials](#SM1){ref-type="supplementary-material"} and Methods.

Cell culture and assays
-----------------------

The human gastric carcinoma cell lines AGS (American Type Culture Collection, Rockville, MD, USA) and MKN45 (Shanghai Institute of Cell Biology, Chinese Academy of Sciences, Shanghai, China) were cultured in RPMI 1640 supplemented with 10% fetal calf serum (FCS; PAA Laboratories Inc., Newport Beach, CA, USA). Fibroblasts were prepared using the outgrowth method as described previously [@B17]. Briefly, the fresh GC tissues and the adjacent gastric mucosa with chronic gastritis at least 5 cm away from the primary GC were obtained within 25 min after resection. Samples were placed in RPMI 1640 with 10% FCS and penicillin/streptomycin (pH 7.4). Following removal of the surrounding fat, blood vessels and necrotic tissues, the GC and normal gastric mucosa were mechanically minced with scissors into small pieces (approximately 1 mm^3^ to 2 mm^3^in volume) under a sterile condition followed by digestion for 1 h at 37°C with 1 mg/mL type IV collagenase (Roche Molecular Biochemicals, Mannheim, Germany). The cell suspension was centrifuged, and the resulting pellet was re-suspended in fresh RPMI 1640 with 10% FCS. After \~5 days, new cells grew from the tissue clumps. The medium was refreshed every 3 days. The primary cells were plated onto 100-mm dishes and maintained in a humidified atmosphere with 5% CO~2~ at 37°C. The fibroblasts used in this study were passaged no more than 5 times. The cell purity and morphology were determined by indirect immuno-fluorescent staining for α-smooth muscle actin (α-SMA), vimentin, keratin, and stromal cell-derived factor 1 (SDF-1).

Preparation of conditioned medium (CM) and cytokine quantification by ELISA
---------------------------------------------------------------------------

The fibroblasts were grown to over 70% confluence in 20-cm^2^ dishes in RPMI 1640 with 10% FCS. The medium was refreshed with serum-free RPMI 1640, and cells were cultured for 48 h. The media were collected and centrifuged at 1,000 ×g for 10 min, and the supernatant (referring to conditioned medium \[CM\]) was concentrated with a Centricon YM-3 concentrator (Millipore Corp., Bedford, MA, USA). The protein content of CM was determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA), and aliquots were stored at -80°C until use. The CM was processed for the detection of IL-6, IL-8, TGF-β1, HGF, IGF-1, Angiogenin, CCL2, CCL5, CCL16, CCL28, CXCL9, and CXCL12 (R&D Systems, Inc., Minneapolis, MN, USA) by ELISA according to the manufacturer\'s instructions.

Human cytokine antibody arrays
------------------------------

To detect the concentrations of 120 proteins released by the GCAFs and GIAFs, an assay with Human Chemokine Antibody Array VI and VII (Raybiotech Inc., Norcross, GA, USA) was performed in a balanced mix of CMs from three samples according to the manufacturer\'s instructions. Briefly, the membranes were blocked with blocking buffer at room temperature for 30 min. Then, the membranes were incubated with 1-mL samples at room temperature for 90 min, washed three times with washing buffer I and twice with washing buffer II at room temperature (5 min for each). Then, the membranes were incubated with biotin-conjugated antibodies at room temperature for 90 min. Finally, the membranes were washed and incubated with horseradish peroxidase-conjugated streptavidin at room temperature for 2 h and then with detection buffer for 2 min. A luminescence image analyzer (LAS-1000, Fuji Photofilm Co., Ltd., Tokyo, Japan) was used for detection, and the signal intensities were quantified using the ScanAlyze software (Michael Eisen, Lawrence Berkeley National Laboratory, <http://www.microarrays.org/software.html>). For each spot, the net signal intensity was determined by subtracting the background from the total raw signal intensity. The criteria used for the selection of differentially expressed cytokines in the GCAF-CM and GIAF-CM were based on signal intensities with a greater than 1.3-fold increase or less than 0.77-fold decrease and a value of *P* \< 0.05.

Protein identification by two-dimensional nano-liquid chromatography-electrospray ionization/tandem mass spectrometry (2D Nano-LC-MS/MS)
----------------------------------------------------------------------------------------------------------------------------------------

Primary fibroblasts were harvested from three GC samples and lysed in 150 μl of 8 M urea, 4% (w/v) CHAPS and 0.05% SDS (w/v) on ice for 20 min with vortexing. The lysates were precipitated following incubation with cold (-20°C) 50% acetone (6:1 v/v) for 15 h. The concentrations of lysates were measured using a modified Bradford assay (Bio-Rad, Richmond, CA, USA), and the cell lysates of GCAFs and GIAFs were pooled with equal amount of lysates from each sample. The protein pellets were then digested with trypsin and desalted as described previously [@B18]. The desalted peptides were analyzed using an automated 2D Nano-LC-ESI-MS/MS on a Nano Acquity UPLC system (Waters Corp., Milford, MA, USA) connected to a LTQ Orbitrap XL mass spectrometer (Thermo Electron Corp., Bremen, Germany) according to the manufacturer\'s instructions. For each experiment, 100 μL of peptides from 200 μg of total protein after digestion was used. For protein identification, the resulting MS/MS data were interpreted with the Bioworks Browser (Version 3.3.1 SP1; Thermo Electron Corp., Waltham, MA, USA) after searching the SwissProt Human protein sequence database with the following parameters: a peptide tolerance of 30 ppm and 1.0 Da for fragment ions, allowing two missed cleavages. The peptide identifications were filtered using the Trans Proteomic Pipeline (revision 4.0, Institute of Systems Biology, Seattle, WA, USA) with a confidence level of 95%. Protein identifications were accepted with a greater than 99% probability. The false discovery rate was less than 1%, which was calculated using the APEX-Quantitative Proteomics Tool (revision1.0.0, J. Craig Venter Institute, Rockville, MD, USA).

Bioinformatics analysis
-----------------------

The proteomics data of GCAFs and GIAFs were normalized by mean normalization. The fold-change method was used to identify the differentially expressed proteins between GCAFs and GIAFs. The NetBox 1.0 software (<http://cbio.mskcc.org/tools/pathways/index.html>) was used to search the Human Interaction Network (HIN) compiled by Cerami et al. [@B19] for the altered proteins (as seeds) and all neighbors, which was connected into an initial network. The neighbor nodes were removed immediately from the network if it was connected to less than two seed genes. The remaining neighbor nodes with degree of ≥2 represented the candidate linkers that connected two or more altered genes within the network. The global degree of each linker gene within the HIN was used to identify statistically significant linker genes, and the hypergeometric distribution was used to assess the probability that the linker gene would connect to the observed number of altered genes by chance alone. After false discovery rate (FDR) correction using the Benjamini-Hochberg procedure, the linker genes with a *p*-value of \> 0.05 were pruned from the network. Finally, the linker genes and the remaining seeds were connected into a new sub-network. To demonstrate the biological function of the sub-network, the GATHER software (<http://gather.genome.duke.edu/>) was used to analyze the pathway enrichment of the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) [@B20].

Real-time quantitative reverse transcription polymerase chain reaction (RT-PCR)
-------------------------------------------------------------------------------

Total RNA was extracted from the tissues as described previously [@B21]. Reverse transcription and cDNA amplification were performed using the LightCycler-FastStart DNA Master SYBR Green I kit, device, and software (Roche Diagnostics GmbH, Mannheim, Germany). Primers covering exon 3 and 5′-untranslated region of human caveolin-1 gene were Cav-1-S, 5′-TTGGAAGGCCAGCTTCAC-3′ and Cav-1-AS, 5′-CTATCCTTGAAATGTCA-3′ as reported previously [@B21].

Protein assay
-------------

Cav-1 expression was detected in primary fibroblasts by Western blot assay and evaluated in a GC cohort by immunohistochemistry as described previously [@B21]-[@B22]. Data were independently analyzed by three investigators who were blinded to this study. The expression intensity was graded as 0 (no/little expression; \< 25% positive fibroblasts), 1 (intermediate expression; 25-75% positive fibroblasts), and 2 (strong expression; \> 75% positive fibroblasts). The median of three numeric scores was used as the stromal Cav-1 score for each sample. When the median score was fractional, it was rounded upwards to reflect the presence of stromal Cav-1. A median score of 0 was negative expression, and that of 1 and 2 was positive expression. Grading of chronic gastritis was based on a previous report [@B23].

Small interfering RNA (siRNA)-mediated gene silencing *in vitro*
----------------------------------------------------------------

Gene silencing was used to inhibit Cav-1 expression in GIAFs and GCAFs. The transfections were performed using the small interfering RNA (siRNA) Transfection Reagent and siRNA Transfection Medium (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA.) following the manufacturer\'s instructions. Briefly, 2×10^5^ of GIAFs were seeded into a 6-well plate and incubated overnight. Subsequently, 10 μM Cav-1 siRNA or 10 μM control siRNA (Santa Cruz Biotechnology Inc.) was used for transfection. After 24 h, the cells were collected for immunofluorescence assay. Briefly, the fibroblasts were washed with PBS, fixed in methanol at -20°C for 20 min, and stained with Cav-1 antibody (SC-894, 1:100) at room temperature for 1 h. Alexa-488-conjugated goat anti-rabbit IgG was used as the secondary antibody and the nuclei were stained with DAPI. The transfection efficiency were confirmed by both Western blot assay and immunofluorescence microscopy (\>80%).

Statistics
----------

Data are expressed as mean ± SEM. Comparisons were done with the paired sample Student\'s t-test. Friedman test was used to evaluate the difference in Cav-1 immunostaining between GIAFs and GCAFs and the difference in Cav-1 original scores among patients with different grades of chronic gastritis. The χ^2^ test or Fisher exact test was used to assess the associations between Cav-1 expression and clinical features. The cumulative survival time was described using the Kaplan-Meier curve. The log-rank test was used to test the differences between two groups. A multivariate Cox proportional hazards model was constructed to assess the predictors of overall survival in GC patients. The SPSS statistical software (version 17.0; SPSS Inc., Chicago, IL) was used for statistical analyses. All data were analyzed using 2-tailed tests, and a value of P\<0.05 was considered statistically significant unless otherwise specified.

Results
=======

GIAFs and GCAFs display different statuses of secretion
-------------------------------------------------------

To characterize and study the function of GIAFs, primary GIAFs and GCAFs were prepared from 10 fresh GCs and their matched chronic gastritis tissues with or without intestinal metaplasia [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S2, No. 1-10). GIAFs and GCAFs had comparable expressions of α-SMA, FAPα, and SDF-1 (Fig. [1](#F1){ref-type="fig"}A). Serum-free CM from NFs, GIAFs and GCAFs were also prepared and analyzed using the Human Chemokine Antibody Array VI and VII aming to identify the secretory profiles of GIAFs and GCAFs. As shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S3, 67 soluble differentially expressed mediators were found between GCAFs and GIAFs, including 8 cytokines, 4 growth factors, 7 signal proteins and 7 chemokines. Of 12 differentially expressed soluble molecules confirmed by ELISA, the pro-inflammatory cytokines were IL-6 and IL-8; the growth factors were TGF-β1, HGF and IGF-1; the chemokines were CCL2, CCL5, CCL16, CCL28, CXCL9 and CXCL12; the angiogenic factor was angiogenin (Fig. [1](#F1){ref-type="fig"}B). Then, CM from GIAFs and GCAFs were used to treat GC cell lines AGS and MKN45. Results showed GIAF-CM increased the cell proliferation and invasion, which was intermediate between that seen in NF-CM group and GCAF-CM group (Fig. [1](#F1){ref-type="fig"}C and [1](#F1){ref-type="fig"}D).

Caveolin-1 contributes to distinct phenotypes of fibroblast activation based on comparative profiling of the proteomes and network-centric protein analysis of GIAFs and GCAFs
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To further understand the molecular mechanisms of GIAF phenotype at a systematic biology level, the proteomes of GIAFs and GCAFs were characterized using a 2D-Nano-LC-ESI-MS/MS system. Analysis of comparative proteomics showed that the matched GIAFs and GCAFs exhibited different protein expression profiles. Using a relatively strict standard (GCAFs/GIAFs or GIAFs/GCAFs ≥ 1.5 for each pair), 121 differentially expressed proteins were identified between GIAFs and GCAFs, of which 76 proteins had down-regulated expression in GCAFs ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S4).

Using the NetBox 1.0 software, a network of 71 seeds (altered proteins) and 154 linkers connected with 5375 edges were identified, in which 11 altered proteins were directly connected without linker nodes and enriched the biosynthesis function (8/11). After the 11 proteins were removed from the above network, a sub-network with 46 altered genes and 25 linker genes was connected with 148 edges (Fig. [2](#F2){ref-type="fig"}. Therefore, the sub-network provided a new potential molecular mechanism. Enrichment analysis showed that the new sub-network was associated with the GO terms cell adhesion and migration, as well as the KEGG pathways ECM-receptor interaction and focal adhesion (all Bayes factor ≥ 6). The details are shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S5. Network-centric analysis showed that CAV1 is a network-centric node with more degree and/or betweenness than other nodes, indicating that Cav-1 has an important function in the organization of the network function and definition of the features for GIAFs.

Loss of stromal Cav-1 predicts clinical outcomes of GC patients
---------------------------------------------------------------

To validate the results of the comparative proteomics and bioinformatics analysis, quantitative RT-PCR was performed to detect the mRNA expression of Cav-1 in paired GIAFs and GCAFs. Our results showed higher Cav-1 mRNA expression in 6 of 10 GIAFs samples as compared to GCAFs (Fig. [3](#F3){ref-type="fig"}A). Based on the Cav-1 staining grades in which no/little expression was scored as 0 (Fig. [3](#F3){ref-type="fig"}B), intermediate expression as 1 (Fig. [3](#F3){ref-type="fig"}C), and strong expression as 2 (Fig. [3](#F3){ref-type="fig"}D), significant differences were observed in the Cav-1 staining between GIAFs and GCAFs and among patients with different grades of chronic gastritis (Table [1](#T1){ref-type="table"}). Moreover, Cav-1 expression in GIAFs was inversely correlated with the tumor location, size and lymph node involvement, whereas Cav-1 expression in GCAFs was significantly negatively related to tumor size, histologic type, lymph node metastasis and tumor stage [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S6). Survival analysis showed that Cav-1 positive expression (scores 1 and 2) in both GIAFs and GCAFs was inversely related to the overall survival of GC patients (*P*= 0.017) as compared to absence of Cav-1 expression (score 0) (Fig. [3](#F3){ref-type="fig"}F). Importantly, the presence of stromal Cav-1 in GIAFs and GCAFs was verified to independently predict the survival of GC patients in multivariate analysis using a Cox proportional hazard model (Table [2](#T2){ref-type="table"}.

Cav-1 deficiency in GIAFs and GCAFs increases the production and secretion of tumor-enhancing cytokines *in vitro*
------------------------------------------------------------------------------------------------------------------

To further elucidate the functional consequences of altered Cav-1 expression in GIAFs and GCAFs, endogenous Cav-1 expression was silenced using Cav-1 siRNA. The siRNA-mediated silencing of Cav-1 expression almost completely abrogated cytosolic Cav-1 expression (Fig. [4](#F4){ref-type="fig"}A-B). To determine the effects of Cav-1 deficiency on the secretory function, CMs were prepared from GIAFs and GCAFs of siRNA-Cav1 (siR-Cav1) group and siRNA-negative control (siR-NC) group. The concentrations of HGF, TGF-β1, CXCL 2, and CXCL12 in siR-Cav1 groups were significantly higher than those in siR-NC groups, and the addition of CMs from siR-Cav1 groups significantly increased the proliferation and invasion of GC cell lines when compared with CMs from GIAFs and GCAFs in control group (Fig. [4](#F4){ref-type="fig"}C, [4](#F4){ref-type="fig"}D and [4](#F4){ref-type="fig"}E).

Discussion
==========

In this study, we isolated GIAF and GCAFs from inflammatory tissues and GC tissues, respectively and for the first time compared GIAFs and GCAFs on the basis of molecular signatures and functional impact on GC cells *in vitro*. Both GIAFs and GCAFs are activated and have similar expression pattern of activation related markers other than NFs. However, GIAFs released less pro-inflammatory cytokines, chemokines and growth factors as compared to GCAFs, thereby having an inferior tumor-promoting effect on GC cells. GIAFs and GCAFs share an "activation state" but have different phenotypes (such as biosynthetic capacity), which is one of heterogeneities of activated fibroblasts ascribed to their origin and mechanism of activation [@B10]-[@B12]. This heterogeneity impedes the comprehensive understanding of CAFs and IAFs. Although GIAFs and GCAFs are representative of activated fibroblasts, identifying the molecules that are involved in the different functional states of heterogeneous cell populations is a prerequisite for defining the mechanisms that drive fibroblast activation in different microenvironments.

The present study for the first time reveals that Cav-1 contributes to the different activation statuses of GIAFs and GCAFs. Additionally, immunohistochemistry in a GC cohort showed the overall Cav-1 protein expression significantly increased in GIAFs as compared to that in GCAFs. Cav-1, a membrane-bound scaffolding protein of caveolae, plays an important role in negatively modulating cell proliferation, survival, motility and migration through direct interaction and inhibition of oncogenic signaling molecules and downstream pathways [@B24]-[@B26]. Previous studies on the functions of Cav-1 were conducted mainly in epithelial cells. In recent years, evidence also reveals that Cav-1 is highly expressed in stromal cells including fibroblasts and its expression may be downregulated via degradation and autophagy in a hypoxic and malnourished niche of the cancer microenvironment [@B25]-[@B26]. Based on previous studies, the loss of Cav-1 in cancer cells further drives the constitutive activation of several oncogenes, such as c-Myc, v-Abl, v-Src, H-Ras, and Neu/ErB2 in stromal fibroblasts, resulting in a myofibroblast conversion characterized by the up-regulated α-SMA expression, increased deposition of ECM components and hyperactivation of TGF-β signaling pathway [@B26]. Moreover, several of these myofibroblast phenotypes can be reversed by Cav-1 restoration [@B27]-[@B28]. Therefore, a loss of Cav-1 in fibroblasts is sufficient to induce a CAF phenotype in the tumor microenvironment.

Currently, no study has been conducted to investigate the mechanisms governing the deficiency of Cav-1 in IAFs without direct "education" from cancer cells. In a model of Cav1-deficient mice infected with *H. pylori*, however, Cav-1 in the gastric epithelial cells was found to play a protective role against inflammation and tissue damage and its expression was down-regulated by *H. pylori* infection [@B29], suggesting that *H. pylori*-induced inflammation is a response to Cav-1 loss. Our findings showed approximately 70% of GC patients had chronic gastritis, of which a majority of GIAFs lost, at least partially, Cav-1 expression, and its expression gradually decreased with the aggravation of gastric inflammation. Our results also showed that siRNA-mediated silencing of Cav-1 in GIAFs increased the release of factors into the supernatant (CM) which was able to significantly increase the proliferation and invasion of GC cells. Taken together, on the basis of findings from GCAFs, one of the consequences of stromal Cav-1 loss is the increased release of soluble proinflamamtory factors. Therefore, it is hypothesized that chronic inflammation in gastritis mucosa, similar to cancer cells in GC microenvironment, may facilitate Cav-1 genetic ablation in GIAFs, resulting in fibroblast activation.

In the present study, the activation state of GIAFs in terms of Cav-1 expression was markedly associated not only with cytokine production, but also with primary GC size, lymph node involvement and tumor stage. This suggests that Cav-1 loss in GIAFs can promote the local infiltration and invasion of GC cells via the release of cytokines. It has been shown that fibroblast activation in the cancer microenvironment induces the rapid production of cytokines and chemokines, thereby providing a self-reinforcing mechanism of tumor growth, invasion and metastasis [@B11]-[@B12]. Similarly, activated fibroblasts in non-malignant tissues also play a prominent role in the formation and persistence of chronic cancer-related inflammation, facilitating tumor development and spreading [@B7]-[@B10]. In particular, fibroblast-derived cytokines have been proved to promote GC development through the recruitment of stromal cells and the modulation of progenitor niche in an *H. pylori*-induced GC model [@B9]. Accordingly, it is reasonable that GIAFs play an important role in GC progression through mediating inflammation and creating tumor-enhancing niche.

Our results demonstrated that Cav-1 expression in GIAFs was significantly associated with the intensity ratio of chronic inflammation in adjacent gastritis mucosa to GC. Recently, the tumor and compartment-dependent roles of Cav-1 have been identified in the pathogenesis and prognosis of human cancers [@B26]-[@B28]. Impressively, the loss of stromal Cav-1 (but not tumor cell Cav-1) indicates a poor prognosis in certain cancers, such as breast cancer and prostate cancer [@B30]-[@B31]. It is still unclear that whether epithelial Cav-1 is a tumor modulator in GC because the majority of related studies demonstrate that positive staining of Cav-1 occurs in less than 10% of GC cells, with the presence or absence of significant correlation between Cav-1 expression in tumor cells and clinical outcomes of GC patients [@B21], [@B32]-[@B34]. In a recent study, a low Cav-1 expression in GCAFs was found to be able to independently predict early recurrence and poor survival of GC patients [@B33]. Furthermore, our results revealed that, in addition to a significant correlation between clinical features of GC and Cav-1 expression in GIAFs and GCAFs, the presence of Cav-1 in GIAFs and GCAFs was an independent prognostic factor for GC, and the expression of stromal Cav-1 may act as a novel molecular biomarker for the clinical outcomes of GC patients. According to our results, Cav-1 loss may provide a common mechanism for the activation of GIAFs and GCAFs and the extent of Cav-1 deficiency in GIAFs and GCAFs may determine their ability to constitute a functional mesenchymal niche for the development and progression of GC cells.

In conclusion, GIAFs and GCAFs exhibit distinct states of fibroblast activation and tumor-promoting behaviors, suggesting the critical influence of fibroblast-mediated inflammation on the GC development and progression. Our findings highlight the role of stromal Cav-1 loss in fibroblast activation and GC progression, and the exact mechanisms underlying this phenomenon warrant further study.
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![**Characterization of primary GCAFs and GIAFs.** (**A**) GCAFs, GIAFs and NFs were stained with anti-αSMA, anti-vimentin, anti-cytokeratin, and anti-SDF1 antibodies. Scale bar, 20 μm. (**B**) Cytokines and chemokines were detected in the supernatants of NFs, GIAFs and GCAFs by ELISA. Each dot represents one sample. The dotted line indicates the mean of NFs from three independent experiments. **(C, D)** The proliferation and invasion of AGS and MKN45 cells were detected using the CCK-8 kit and Matrigel at 72 h. Error bars represent the standard errors of the mean from three independent experiments.](ijbsv11p0370g001){#F1}

![**Functional subnetwork related to the development of GIAFs and GCAFs.**The differentially expressed proteins between GCAFs and GIAFs by comparative proteomics were used to construct a functional sub-network using the NetBox 1.0 software. The diamonds represent 25 linker genes and the ellipses represent 46 seed genes (altered proteins). A larger size and a red color indicate a higher degree and a higher betweenness in the sub-network, respectively.](ijbsv11p0370g002){#F2}

![**Cav-1 mRNA and protein expressions in GIAFs and GCAFs.**(**A**) Cav-1 mRNA expression was detected in 10 GCAFs and GIAFs. Quantitative PCR was performed with 2^-\ ΔΔCt^method using β-actin as a reference gene. The fold increase in Cav-1 mRNA expression in cells of 10 patients is relative to the calculated Ct value of Cav-1 mRNA in GIAF of patient 1. (**B-D**) Cav-1-positive staining was classified into (**B**) no/little expression, (**C**) intermediate expression, or (**D**) strong expression in GCs and adjacent gastric mucosa with inflammatory cell infiltration (stars) and intestinal metaplasia (arrow heads). Original magnification: 40×. Vascular endothelial cells (arrows) served as internal positive controls. (**E**) Kaplan-Meier curve for the analysis of overall survival of patients with Cav-1(+) GIAFs/Cav-1(+) GCAFs, Cav-1(+) GIAFs/Cav-1(-) GCAFs, Cav-1(-) GIAFs/Cav-1(+) GCAFs and Cav-1(-) GIAFs/Cav-1(-) GCAFs.](ijbsv11p0370g003){#F3}

![**Cav-1 silencing in GIAFs promotes the proliferation and invasion of GC cells and increases fibroblast activation-related cytokines and chemokines.** (**A and B**) Cav-1-expressing GIAFs and GCAFs were transfected with siR-Cav1, and the silencing efficiency of endogenous Cav-1 was confirmed by Western blot assay (**A**) and immunofluorescent staining (**B**). Scrambled siR-NC was used as a control. Green: Cav-1; Blue: DAPI. Data are representative of three independent experiments. Original magnification, 100×. Scale bar, 20 μm. The concentrations of HGF, TGF-β1, CXCL 2, and CXCL12 in siR-Cav1 groups were significantly higher than those in siR-NC groups (**C**), and CM from siR-Cav1 cells significantly increased the proliferation and invasion of the GC cell lines (**D, E**). siR: siRNA. NC: negative control. Neg: negative.](ijbsv11p0370g004){#F4}

###### 

Cav-1 Protein Expression in GCAFs and GIAFs in Gastric Cancer with Different Grades of Chronic Gastritis

  Name      Cav-1 expression scores             
  --------- ------------------------- ---- ---- ------------
  GCAFs     32                        41   19   
  GIAFs     17                        37   38   .004\*
  GRADE 0   0                         7    20   
  GRADE 1   1                         11   15   
  GRADE 2   6                         13   2    
  GRADE 3   10                        6    1    \<.001^\#^

\*Cav-1 Scores in GIAFs versus in GCAFs

^\#^Cav-1 Scores in GIAFs versus Chronic Inflammation Grades in Adjacent Gastric Mucosa

###### 

Cox Univariate and Multivariate Analyses of Factors Associated with Overall Survival

  ----------------------------------------------------------------------------------------------------
                                                  Univariate\   Multivariate                 
                                                  *P*value                                   
  ----------------------------------------------- ------------- -------------- ------------- ---------
  Age\                                            .108                                       NA
  (\<60 vs ≥60)                                                                              

  Sex\                                            .150                                       NA
  (Male vs. Female)                                                                          

  H *pylori* infection\                           .236                                       NA
  (Negative vs. Positive)                                                                    

  Size (cm)\                                      .002          1.682          .754-3.579    .057
  (\<5 vs. ≥5)                                                                               

  Histologic type\                                .010          1.920          1.001-2.352   .202
  (Well and moderately vs. Poorly and others\*)                                              

  Lauren classification\                          .043          1.101          .753-3.004    .583
  (Intestinal type vs. Diffuse +Mixed type)                                                  

  Location\                                       .211                                       NA
  (Stomach vs. GEJ)                                                                          

  Lymphatic invasion\                             .109                                       NA
  (Negative vs. Positive)                                                                    

  Depth of tumor\                                 .002          3.004          1.346-5.330   .024
  (T1+ T2 vs. T3 + T4)                                                                       

  Lymph node metastasis\                          .015          1.879          .987-3.980    .654
  (N0+ N1 vs. N2 +N3)                                                                        

  Distant metastasis\                             .020          1.894          .589-4.130    .098
  (M0 vs. M1)                                                                                

  TNM stage\                                      .007          1.329          .876-4.067    .309
  (I+II vs. III+Ⅵ)                                                                           

  Cav-1 Protein Expression in GIAFs and GCAFs\    .017          1.687          1.135-3.827   \<0.001
  (Presence vs. Absence)                                                                     
  ----------------------------------------------------------------------------------------------------

NOTE. Cox proportional hazards regression model. The variables used in the multivariate analysis were adopted by the univariate analysis. NA, not adopted. \*Other histologic types of gastric cancer mainly included mucinous adenocarcinomas and signet-ring cell carcinomas, according to the World Health Organization (WHO) classifications.
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